The Venus flytrap (Dionaea muscipula Ellis) captures insects with one of the most rapid movements in the plant kingdom. We investigated trap closure by mechanical and electrical stimuli using the novel charge-injection method and high-speed recording. We proposed a new hydroelastic curvature mechanism, which is based on the assumption that the lobes possess curvature elasticity and are composed of outer and inner hydraulic layers with different hydrostatic pressure. The open state of the trap contains high elastic energy accumulated due to the hydrostatic pressure difference between the hydraulic layers of the lobe. Stimuli open pores connecting the two layers, water rushes from one hydraulic layer to another, and the trap relaxes to the equilibrium configuration corresponding to the closed state. In this paper we derived equations describing this system based on elasticity Hamiltonian and found closing kinetics. The novel charge-injection stimulation method gives insight into mechanisms of the different steps of signal transduction and response in the plant kingdom.
Introduction
Most plants respond to mechanical stimuli and those with rapid and highly noticeable touch-stimulus response have received much attention, such as the Venus flytrap (Dionaea muscipula Ellis). Touching trigger hairs, protruding from the upper leaf epidermis of the Venus flytrap, activates mechanosensitive ion channels and generates receptor potentials, 1,2 which can induce action potentials. [3] [4] [5] [6] [7] [8] It was found that two action potentials are required to trigger the trap closing. 2, 4, 9 The history of studying the Venus flytrap spans more than a century. Although the sequence of actions is clearly described in the existing literature, the exact mechanism of the trap closure is still poorly understood. Indeed, quite a bit is known about how the flytrap closes: stimulating the trigger hair twice within 40 s unleashes two action potentials triggering curvature changes, which helps the plant rapidly close its upper leaf. When trigger hairs in the open trap receive mechanical stimuli, a receptor potential is generated. 10, 11 Two mechanical stimuli are required for closing the trap in vivo. 12, 13 However, at high temperatures (36-40°C) only one stimulus is required for trap closure. 13 Receptor potentials generate action potentials, [1] [2] [3] [4] 14 which can propagate in the plasmodesmata of the plant to the midrib. 4 Uncouplers and blockers of fast anion and potassium channels can inhibit action potential propagation in the Venus flytrap. 2, 4, 6, 15 The trap accumulates the electrical charge delivered by an action potential. Once a threshold value of the charge is accumulated, ATP hydrolysis 16 and fast proton transport start, 17, 18 and aquaporin opening is initiated. 2 Fast proton transport induces transport of water and a change in turgor. 7 A number of contradictory models were proposed, 7,9,12,14,18-22 and still there is no agreement between the researchers. 7 Recently, the focus of interest returned to the original ideas proposed by Darwin 12 in the 19 th century. In his seminal work, Darwin 12 demonstrated that the basic catching movement of the Venus flytrap involves the transformation of the leaf curvature from convex to concave resulting in the closing of the trap. Darwin 12 wrote: "We know that the lobes, whilst closing, become slightly incurved throughout their whole breadth. This movement appears to be due to the contraction of the superficial layers of cells over the whole upper surface. In order to observe their contraction, a narrow strip was cut out of one lobe at right angles to the midrib, so that the surface of the opposite lobe could be seen in this part when the leaf was shut. After the leaf had recovered from the operation and had re-expanded, three minute black dots were made on the surface opposite to the slit or window, in a line at right angles to the midrib. The distance between the dots was found to be 40/1000 of an inch, so that the two extreme dots were 80/1000 of an inch apart. One of the filaments was now touched and the leaf closed. On again measuring the distances between the dots, the two next to the midrib were nearer together by 1 to 2/1000 of an inch, and the two further dots by 3 to 4/1000 of an inch, than they were before; so that the two extreme dots now stood about 5/1000 of an inch (0.127 mm) nearer together than before. If we suppose the whole upper surface of the lobe, which was 400/1000 of an inch in breadth, to have contracted in the same proportion, the total contraction will have amounted to about 25/1000 or 1/40 of an inch (0.635 mm)." Darwin 12 established that the upper leaf of the Venus flytrap includes two distinct layers of cells at upper and lower surfaces that behave quite differently in the process of trap closure. The finding of these two independent layers was later confirmed by many authors and their role was related to the turgor pressure. [23] [24] [25] It is well known that some functions in plants and fungi can only be driven by exploiting hydrodynamic flow, such as stomata guard cell opening and closing, leaf pulvini motor organ, mechanical traps of carnivorous plants, and fungal appressorial penetration. [26] [27] [28] It is common knowledge that the leaves of the Venus flytrap actively employ turgor pressure and hydrodynamic flow for fast movement and catching insects. In these processes the upper and lower surfaces of the leaf behave quite differently. The loss of turgor by parenchyma, lying beneath the upper epidermis, accompanied by the active expansion of the tissues of the lower layers of parenchyma near the lower epidermis closes the trap. 9, 12, 13, 29, 30 The cells on the inner face of the trap jettison their cargo of water, shrink and allow the trap lobe to fold over. The cells of the lower epidermis expand rapidly, folding the trap lobes over. 9 Recently, Forterre et al., 19 reproduced the Darwin 12 work at the modern technical level with high-speed video imaging and non-invasive microscopy techniques. Forterre et al., 19 documented in minute details the change of the geometry of the leaf in two dimensions and brought up the idea that elastic energy might play an important role in the closing of the trap.
The mechanical and anatomical features mentioned above constitute the basis of the proposed hydroelastic curvature model. It includes two layers of cells at the leaf of the Venus flytrap with different turgor pressure, [23] [24] [25] the rush of water from one layer to another, 9, 12, 13, 29, 30 the existence of natural curvature in the leaf 12 that changes with water exchange and consecutive relaxation of the leaf to the closed configuration.
Earlier, we found that the trap of the Venus flytrap can be also closed by electrical stimulation of a midrib. 2, 4 Here we present detailed experiments for comparative study of mechanical and electrical triggering of the trap and a new model of the closing mechanism.
Results
Theoretical: hydroelastic curvature model. In the mechanical model of Forterre et al., 19 the closing process of the Venus flytrap is described as a relaxation of the leaf to the new equilibrium state after triggering. They wrote: "Upon stimulation, the plant 'actively' changes one of its principal natural curvatures, the microscopic mechanism for which remains poorly understood." We are going to address this issue and to elucidate what causes the change of spontaneous curvature of the leaf.
Our data suggest that elastic energy does play an important role, but closing the trap also involves another process that determines the transformation from an open to a closed state. For this purpose we propose the hydroelastic model that includes bending elasticity, turgor pressure and water jets. The closure of the Venus flytrap represents the nonmuscular movement based on hydraulics and mechanical elasticity. The nastic movements in various plants involve a large internal pressure (turgor) actively regulated by plants.
The leaf of the Venus flytrap is visualized as a thin, weakly-curved elastic shell with principal natural curvatures that depend on the hydrostatic state of the two surface layers of cell A and B (Fig. 1A) , where different hydrostatic pressures P A and P B are maintained.
Two layers of cells, mechanically connected to each other, behave like a bilayer couple where the in-plane expansion or contraction of any of them causes the change of curvature of the whole leaf. The bilayer couple hypothesis was first introduced by Sheetz and Singer. 31 They noticed that the proteins and the phospholipids of membranes are asymmetrically distributed in the two halves of the bilayer, which is most substantial for the erythrocyte membrane.
The two halves of the closed membrane bilayer may respond differently to various perturbations while remaining coupled to one another. One half of the bilayer may expand in the plane of the membrane relative to the other half of the bilayer, while the two layers remain in contact with one another. This leads to various functional consequences, including shape changes of the intact cell. This concept is called the bilayer couple hypothesis because of the analogy to the response of a bimetallic couple to changes in temperature. It remains very popular and applied to explanation of numerous phenomena, such as red blood cell transformations (see for example Lim et al., 32 and references within) and the gating of mechanosensitive channels. 33 The bilayer couple properties were also extensively studied in connection with bilayer fusion, fission, endo-and exocytosis. 34, 35 We applied this technique for the design and analysis of the hydroelastic curvature model of the Venus flytrap. The model is based on the assumption that the driving force of the closing is the elastic curvature energy stored and locked in the leaves due to pressure differential between the outer and inner layers of the leaf (Fig. 1) .
Unequal expansion of individual layers A and B results in bending of the leaf, and it will be described in terms of bending elasticity. Unequal expansion means that the torque M appears in the leaf. The energy of the bent layer A is described by the equation:
Here C AM is the total curvature of the layer A, C AG is the Gaussian curvature, C A0 is the spontaneous or intrinsic curvature of the layer, and κ designates the elasticity. Usually spontaneous curvature of layers is considered a constant-b A , depending on the composition of the layer, and describes the intrinsic tendency of the layer to bend. There is an additional source of bending-different pressure in two adjacent layers. One can easily visualize a number of mechanical models in which spontaneous curvature is proportional to the pressure. We shall not go into these details just assuming that C A0 = a A P A + b A . The same equations are valid for layer B.
The geometrical mean and Gaussian curvatures are defined as C AM = 1/R 1 + 1/R 2 and C AG = 1/( R 1 R 2 ), where R 1 and R 2 are the main radii of curvature of the layer. We shall approximate the leaf by a spherical surface; then C AM = 2/R and C AG = C AM 2 /4. The leaf is thin and hence the two layers have the mean curvatures that are equal in absolute value but have opposite signs: C AM = -C BM = C M Total elastic energy of the lobe can be presented as: 
Here, the coefficients a A and a B are assumed to be equal to a. At the given pressures P A and P B , the equilibrium value of the mean curvature can be found from the minimum value of elastic energy (2): In the open state the pressure in the upper layer is higher than in the lower layer, maintaining the convex shape of the leaf. The fact that the hydrostatic pressure in different parts of the plant can be different is very well known. It is also known 36 that stimulation of a Mimosa plant causes very fast redistribution of water. The authors 36 found that after stimulation, water in the lower half of the main pulvinus is transferred to the upper half of the main pulvinus. Movement of the water in conjunction with Mimosa movement was visualized by a non-invasive NMR imaging procedure. 37 This fast water redistribution is obviously driven by the pressure difference between different parts of the plant and exchange occurs through open pores. Unfortunately, the anatomy and the nature of these pores are not known at the present time. Therefore, for the mechanical analysis we simply accept their existence.
We assume that water pores between the two hydraulic layers are closed at the resting state. The external trigger, either mechanical or electrical, results in the opening of these connecting pores; water rushes from the upper to the lower layer, the bilayer couple quickly changes its curvature from convex to concave and the trap closes.
If the trigger reaches threshold value at the moment t s and the characteristic time of the opening kinetics is τ a then the open probability of the pores (after t ≥ t s ) will be given by n op (t) = 1 -Exp[-(t -t s )/τ a ]. The rate of fluid transfer can be presented as J = n op L(P A -P B ), where L is the hydraulic coefficient of pore permeability. If the pressure in the layer is proportional to the amount of fluid confined in it, the pressure will change with a rate proportional to the fluid transfer between the layers: dP A /dt = -k r J = -dP B /dt. This means that the sum of the two pressures remains constant: P A + P B = const = P total . Then the variation of pressure is described by the equation: (6) The change in the shape of the Venus flytrap leaves according to the hydroelastic curvature model is presented in Figure 2 . It is very close to the pictures we recorded in Figure 3 .
At these recordings we measured the change of the distance, X, between the edges of the leaves of the Venus flytrap. The equation for this distance can be derived from Figure 1 as follows. If the area of the leaf is S, the distance between the edges is given by:
If the initial distance is X 1 , and the final distance is X 2 , the normalized distance is defined as x = X/X 1 . One can see that both distance and mean curvature of the leaf are described by the same function of time. The trigger signal opens the pores between these layers and the fluid rushes from one layer to another. The leaf relaxes to its equilibrium state corresponding to the closed configuration. The distance between the edges of the trap was found to vary with time as: (8) This function was used for curve fitting in Figure 4 and the variation of curvature in this process is illustrated in Figure 1B , with parameters τ a = 20 ms, τ r = 70 ms and C 2 = -C 1 . At this plot the Gaussian curvature is presented as the ratio C G /C G1 . One can see that the mean curvature changes from positive to negative values in the process of trap closure while the Gaussian curvature never becomes negative: it decreases in the beginning, reaches zero, and then increases. In the specific case presented at this plot the Gaussian curvature returns to the initial value. The process of closing in this model and variation of the leaf curvature are presented in Figure 2 , where the case of zero Gaussian curvature corresponds to the B.
Experimental testing of the model. The Venus flytrap can be closed by mechanical stimulation of trigger hairs using a cotton thread or a small piece of gelatin (Fig. 3A and B) . The Venus flytrap also closed when we applied an electrical pulse between the midrib and a lobe of the upper leaf without mechanical stimulation. A charge-injection method has been used to precisely estimate the amount of electrical charge necessary to cause the closing of the leaves. Figure 3C demonstrates the closing of the Venus flytrap in 0.3 s after electrical stimulation with a positive electrode connected to the midrib and a negative electrode located in one of lobes. The inverted polarity pulse was not able to close the plant, and the closed trap would not open by electrical stimulus lasting up to 100 s. A single electrical pulse exceeding a threshold (mean 13.63 μC, median 14.00 μC, std. dev. 1.51 μC, n = 41) causes closure of a trap and induces an electrical signal propagating between the lobes and the midrib. 2, 4 When charges are smaller, the trap will not close. Repeated application of small charges demonstrates a summation of stimuli. Two or more injections of electrical charges within a period of less then 50 s closes the trap as soon as a total of 14 μC charge is applied. Trap closing by electrical stimulus obeys the all-or-none law: there is no reaction for stimulus under the threshold and the speed of closing does not depend on stimulus strength above threshold.
Experimental points in Figure 4 show the kinetics of closing the upper leaf induced by mechanical or electrical stimuli. Closing consists of three distinctive phases (Fig. 4) . Immediately after stimulation, there is a mechanically silent period with no observable movement of the plant. This is followed by a period when the movement of the lobes starts with acceleration. The third period of fast movement is actual trapping when the leaves quickly relax to the new equilibrium state.
Discussion
The goal of the hydroelastic curvature model was to describe the three stages of the Venus flytrap closing we discovered in our experiment and to try to elucidate the processes that govern these stages. We deliberately decided to make it as simple as possible so that the mechanical details would not mask the basic ideas. So, we visualized the leaf as a part of a spherical surface, though its actual shape is a little more complicated. 12, 19 The new hydroelastic curvature model is based on the assumption that the trap possesses curvature elasticity and consists of outer and inner hydraulic layers where different hydrostatic pressure can build up. The open state of the trap contains high elastic energy accumulated due to the hydrostatic pressure difference between the outer and inner layers of the lobe. Stimuli open pores connecting the two layers, water rushes from one hydraulic layer to another and the trap relaxes to the equilibrium configuration corresponding to the closed state. Water transport leads to extension of the cells on the exterior surface of the leaf and to a change in the natural curvature of the leaf, which is likely to drive the closure process.
We used function (8) for approximating the data for the trap closing in Figure 4 . The closing develops very quickly; it takes just a fraction of a second. The curve fitting (Fig. 4 , Table 1 ) also shows that the limiting stage of the process is the fluid transfer in the leaf, though it is also very quick due to the small distance between the layers. Parameters of the trap closing were found from curve fitting and presented in Table 1 . In both experiments (A and B, Table 1 ) corresponding to the plots in Figure 4 , characteristic time τ a is always less than τ r . This means that pore opening is relatively fast and it is not a limiting stage. Our results demonstrate the role of electrical, biochemical and mechanical events leading to the fast trap closure induced by mechanical or electrical stimulation. We developed a new hydroelastic model of the trap mechanism. The novel charge-injection stimulation method presented in this paper provides insight into mechanisms of the different steps of signal transduction and response in the plant kingdom.
Materials and Methods
Digital video recorders Sony DCR-HC36 and Canon ZR300 were used to monitor the Venus flytraps and to collect digital images, which were analyzed frame by frame.
All measurements were conducted in the laboratory at a constant room temperature inside a Faraday cage mounted on a vibrationstabilized table. Ag/AgCl electrodes were prepared from Teflon coated silver wires. 38, 39 Following insertion of the electrodes into lobes and a midrib, the traps closed. We allowed plants to rest until the traps were completely open. The Charge-Injection Method 2 has been used to precisely estimate the amount of electrical energy necessary to cause trap closure. A double pole, double throw (DPDT) switch was used to connect the known capacitor to the voltage source during charging, and then to the plant during plant stimulation. 2, 4 Since the charge of capacitor Q, connected to the voltage source V, is Q = CV, we can precisely regulate the amount of charge by changing capacitance and applied voltage. We can instantaneously connect the charged capacitor to the plant and induce an evoked response by changing the switch position.
String stimulus. The mechanical stimulation was performed by using a cotton thread to gently touch one or two of the six trigger hairs inside the upper leaf of the Venus flytrap. The cotton thread was removed before the leaves closed.
Gelatine stimulus. Plants were fed a 6 mm x 6 mm x 2 mm cube of 4% (w/v) gelatin. This induces closing by stimulating 2 of the 6 trigger hairs of the Venus flytrap.
Plants. Three hundred bulbs of Dionaea muscipula (Venus flytrap) were purchased for this experimental work from Fly-Trap Farm (Supply, North Carolina) and grown in well drained peat moss in 250 mL plastic pots at 22°C with a 12:12 hr light:dark photoperiod. The soil was treated with distilled water. All experiments were performed on healthy adult specimens.
